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Greater inhibition of in vitro bone mineralization with metabolic
than respiratory acidosis
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Greater inhibition of in vitro bone mineralization with metabolic than
respiratory acidosis. At a similar decrement in pH, acidosis produced by
lowering the concentration of medium bicarbonate (metabolic acidosis)
induces greater net calcium efflux from cultured neonatal mouse calvariae
than acidosis produced by increasing the partial pressure of carbon dioxide
(respiratory acidosis). This differential effect is due, at least in part, to
enhanced cell-mediated bone mineral resorption during metabolic acido-
sis. To determine the effect of acidosis on osteoblastic bone formation we
utilized primary cultures of neonatal mouse calvarial cells which produce
calcified nodules in culture. Cells were plated at 4.5 X iO cells/35 mm dish
and incubated until confluent (day 9). Nodule formation was then induced
by addition of /3-glycerophosphate and ascorbic acid and the cultures were
randomly divided and then cultured in control (Ctl, N = 18) medium or in
medium simulating metabolic (Met, N = 17) or respiratory (Resp, N = 19)
acidosis. Medium was changed and calcium (Ca) measured every 48 hours
until day 23. The mean initial medium pH of all Resp cultures (7.186
0.002)was lower than Met (7.243 0.006, P < 0.01), which was lower than
Ctl (7.502 0.002, p <0.01), yet the number of discrete nodules formed
in Met (22 4nodules/cm2) was lower than Resp (43 7, P < 0.01), and
both were lower than Ctl (88 6, P < 0.01 vs. both Met and Resp).
Cumulative net Ca influx into the Met cultures (4.6 0.2 mol/dish) was
lower than Resp (6.7 0.3, P < 0.01) and both were again lower than Ctl
(9.5 0.1, P < 0.01 vs. both Resp and Met). There was no nodule
formation or Ca influx in parallel BALB/c 3T3 mouse fibroblasts incu-
bated in Ctl medium. Thus, in addition to a greater stimulation of
osteoclastic bone resorption, acidosis decreases osteoblastic bone nodule
formation and calcification with metabolic acidosis inducing greater
inhibition compared with respiratory acidosis.
In both man and experimental animals a reduction of the
systemic pH produced by a decrease in the concentration of serum
bicarbonate (metabolic acidosis) increases urine calcium excre-
tion [1, 2] without appreciably altering intestinal calcium absorp-
tion [3, 4] leading to net negative calcium balance [5—7]. As the
vast majority of body calcium is contained within the mineral
phases of bone, the source of the increased urine calcium is likely
to be bone [8]. In vivo studies indicate that metabolic acidosis
appears to induce depletion of bone calcium [5—7]. However,
when systemic pH is reduced by an increase in the partial pressure
of carbon dioxide (respiratoly acidosis) some [9], but not all
10—12], studies have shown an increase in urine calcium excre-
tion. Any possible increase appears far less than that observed
Received for publication February 28, 1994
and in revised form May 4, 1994
Accepted for publication May 5, 1994
© 1994 by the International Society of Nephrology
during metabolic acidosis [9]. Clinical studies have shown that
serum calcium may increase during respiratory acidosis [10, 13].
The possible increase in urine calcium excretion and/or serum
calcium concentration may indicate an increase in bone mineral
dissolution and/or intestinal calcium absorption [8].
In vitro studies also support the hypothesis that bone calcium is
depleted during models of acidosis. When neonatal mouse cal-
varia are incubated in reduced pH medium there is a net efflux of
calcium from bone [14—24]. We have previously shown that in
short term (3 to 24 hr) studies the calcium efflux is due to an
alteration in the physicochemical driving forces for bone mineral
accretion and dissolution [22]. In this time frame, when medium
pH is reduced by lowering the concentration of medium bicar-
bonate there is greater calcium efflux from bone compared to an
isohydric reduction of medium pH produced by an increase in the
partial pressure of carbon dioxide [15—17, 19]. During more
chronic cultures (> 24 hr) the calcium efflux appears to be due
predominantly to alterations of bone cell function [18, 20]. In
these chronic cultures there is net calcium efflux from bone only
during models of metabolic, but not respiratory, acidosis [20].
The cell-mediated calcium efflux observed during chronic incu-
bations of cultured calvariae may result from increased osteoclas-
tic bone resorption and/or decreased osteoblastic bone formation
[8]. A decrease in osteoblastic bone formation could not, in itself,
lead to net calcium efflux; however, decreased osteoblastic bone
formation could contribute to an increase in net calcium efflux.
Previously we have shown that during metabolic, but not respira-
tory, acidosis there is an increase in osteoclastic /3-glucuronidase
activity and a decrease in osteoblastic collagen synthesis and
alkaline phosphatase activity [18, 25]. However, whether meta-
bolic and or respiratory acidosis is associated with a decrease in
mineralization is not known.
To determine the effect of acidosis on bone formation in vitro,
we utilized isolated neonatal mouse calvarial cells which can be
induced to form discrete three-dimensional nodules that subse-
quently undergo calcification [26—31]. The cells are predomi-
nantly osteoblasts which have a high alkaline phosphatase activity
and produce predominantly type I collagen [31]. The calcified
nodules resemble woven bone and have an x-ray diffraction
pattern consistent with hydroxyapatite [26, 28, 30—33]. The num-
ber of nodules formed and the calcium influx into the nodules can
be easily quantified. Using this model we found that both meta-
bolic and respiratory acidosis inhibit bone nodule formation;
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1200 Sprague et a!: Acidosis and bone nodule formation
Fig. 1. Representative photomicrographs of the number of nodules formed when isolated neonatal mouse calvarial cells are incubated for 14 days after
achieving confluence (day 9) in control medium (Control, A), medium acidified by decreasing the [HCO] (Met, B) or medium acidified by increasing the
PCO2 (Resp, C) and stained by the von Kossa technique such that calcified nodules appear dark brown to black Magnification X 160. In Ctl there is an
abundance of calcified nodules. Compared to Ctl, incubation in Met and Resp resulted in a marked decrease in the number of nodules observed, with
Met less than Resp.
Fig. I. Continued.
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however, there is a greater inhibition with metabolic compared to
respiratory acidosis.
Methods
Isolation and culture of bone cells
Neonatal mouse bone cells were isolated using a modification
of the method of Hefley [34} as we have previously described [311.
Calvariae (frontal and parietal bones of the skull) from three- to
five-day-old CD-i mice (Charles River, Portage, Michigan, USA)
were dissected aseptically and gently cleansed of adherent tissue.
Calvariae were then incubated in 10 ml HEPES buffer (25 mM
HEPES, pH = 7.40, 10 mtvi NaHCO3, 70 mrvi NaCl, 30 mM KCI,
1.5 mM K2HPO4, 60 mM sorbitol, 1 mrvi CaCl2, 1 mg/mI bovine
serum albumin, 5 mg/mI glucose) containing 2 mg/mI collagenase
(Wako Pure Chemicals, Dallas, Texas, USA) and 0.09 mrt TLCM
(tosyl-L-lysyl chioromethyl ketone; Calbiochem, San Diego, Cal-
ifornia, USA) for four sequential 30 minute digestion periods at
370 C in a shaking water bath. At the end of each incubation
period, the released cells were collected by filtering through
30-micron nylon mesh and centrifuging at o800 rpm for five
minutes. The enzyme-containing supernatant was then reutilized
for subsequent digestions. The cell pellet was resuspended in
1-IEPES buffer containing 1 m'vi MgSO4, without KCI, and placed
on ice until the digestion was completed.
The isolated cells were then pooled, plated at 4.5 X i04 cells per
35 mm Petri dish and incubated at 370 C in Dulbecco's modified
Eagle's medium (M.A. Bioproducts, Walkersville, Maryland,
USA) supplemented with 10% heat-inactivated (56° C, 1 hr) horse
serum (GIBCO, Grand Island, New York, USA) and penicillin
(100 U/ml). Initial medium calcium was 1.81 m and medium was
changed every two days. BALB/c 3T3 mouse fibroblast cells (gift
of Dr. V. Sukhatme, Harvard University), which served as a
control, were plated at 4.5 X iO cells per 35 mm Petri dish and
incubated in a similar manner as the bone cells.
Experimental groups and nodule formation
Following nine days of incubation in DMEM all cultures were
confluent. At this time the culture dishes were randomly divided
into three groups: control (Ctl), metabolic acidosis (Met) and
respiratory acidosis (Resp). In the control group, cells were
incubated in unaltered medium (pH —7.50) at a PCO2 of 40 mm
Hg. In the metabolic acidosis group, the pH was lowered to —7.20
by the addition of 0.010 ml of concentrated HCI to lower the
concentration of medium bicarbonate. In the respiratory acidosis
group, medium pH was lowered to —7.20 by increasing the PCO2
of the incubator and thus the medium. In all cultures to which HCI
was not added to the medium, 0.010 ml of deionized distilled H20
was added in its place. Bone nodule formation was induced in all
cultures by the addition of 50 jtg/ml ascorbic acid and 10 mrvi
J3-glycerophosphate to the medium [26—3 1]. Medium was changed
with similar fresh medium every 48 hours for an additional 14
days. BALB/c 3T3 mouse fibroblast cells were similarly and
simultaneously cultured in the ascorbic acid and f3-glyceroplios-
phate supplemented Ct! medium. As an additional control, cul-
ture dishes with control medium, but without cells, were simulta-
neously maintained.
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Analytical measurements
Nodule quantification. All cultures were examined at regular
intervals by phase contrast microscopy. At the end of the 23 day
experiment, four randomly selected cultures from each group
were fixed and stained using the von Kossa method [27, 30, 31].
Nodules were quantified by attaching the culture dish to a grid
ruled in 2 mm squares and viewing the cultures through an
inverted microscope at a magnification of 40x as previously
described [31]. Nodules could be distinguished by their surface
layer of cuboidal cells and three-dimensional structure. Mineral-
ized nodules appeared dark brown to black (Fig. 1). The total
number of mineralized nodules were determined independently
by two observers who were blinded as to the treatment group. The
observers counted each dish four times and the average of the
eight determinations are reported as the number of nodules/cm2.
pH, PCO2 and bicarbonate. pH and PCO2 were measured with
a blood gas analyzer (Radiometer BMS3 Mk2, Copenhagen,
Denmark). Medium bicarbonate concentration was calculated
from pH and PCO2 using the Henderson-Hasselbalch equation as
previously described [14—24].
Calcium. Total calcium concentrations were determined by
automatic fluorometric titration (Calcette, Precision Systems,
Inc., Sudbury, Massachusetts, USA) as previously described [14—
24]. Medium calcium concentration was measured in all cultures
prior to and following each medium change. At the end of the 14
day incubation period the total calcium content of three randomly
selected culture dishes per group was determined following
overnight incubation with 2 ml of 12 N HCI [31].
Calcium flux calculations. Cumulative net calcium flux was
calculated as lVm X (Ca1 — Car)where Vm is the medium volume
(1 ml) and Ca1 and Ca5 are the initial and final medium calcium
concentrations, respectively. A positive flux indicates calcium
influx from the medium into the cultures and a negative flux the
opposite.
Statistical analysis
Group means were compared using analysis of variance with
Bonferroni correction for multiple comparisons and analysis of
variance with repeated measures using statistical programs
(BMDP, University of California, Los Angeles, California, USA)
written for a digital computer. All values are expressed as mean
SE; P < 0.05 was considered significant.
Results
Initial medium pH, PCO2 and [HCOJ]
The isolated bone cells incubated under conditions modeling
metabolic or respiratory acidosis had significantly lower initial
medium pH than those incubated under control conditions (Ctl,
Fig. 2A). The reduction in initial medium pH with metabolic
acidosis was produced by a decrease in the concentration of
bicarbonate ([HCOfl) (Met, Fig. 2C) and with respiratory acido-
sis was produced by an increase in the medium partial pressure of
carbon dioxide (PCO2) (Resp, Fig. 2B). On all days the medium
pH in Resp was slightly, but significantly, lower than the medium
pH in Met. There was no difference in the initial medium [HCO]
between cells incubated in Resp compared with Ctl nor was there
a difference in the initial medium PCO2 between cells incubated
in Met compared with Ctl.
Time, days
Fig. 2. Mean initial medium pH (A), PCO2 (B) and [HCOJ (C) for
neonatal bone cells incubated in control medium (0, Cd, N = 18), medium
with a reduced [HCOJ, a model of metabolic acidosis (0, Met, N = 17) or
medium with an elevated PCO2, a model of respiratoly acidosis (4 Resp, N
= 19). Values are mean sE; for all values the se is less than the size of
the symbol. On all days the medium pH with Resp was lower than that in
Met (P < 0.01 on all days), both of which were lower than Ctl (P C 0.01
for all comparisons on all days). There was no difference in the [HCOfl
between cells incubated in Resp compared with Ctl nor was there a
difference in the PCO2 between cells incubated in Met compared with CII.
Effect of acidosis on nodule formation
Following incubation with ascorbic acid and l3-glycerophos-
phate, isolated bone cells develop three dimensional nodules
which are visible by phase contrast microscopy and continued
incubation results in nodule growth with an increase in the
number of nodules [26—31]. To determine whether nodules
mineralize, cultures were stained for calcium by the Von Kossa
technique [27, 30, 31]. Incubation of isolated neonatal mouse
calvarial cells for a total of 23 days results in formation of many
calcified and uncalcified nodules (Fig. 1A). We have previously
shown that no nodule formation is observed in the cultures of
BALB/c 3T3 cells or in dishes incubated with 13-glycerophosphate
and ascorbic acid without any cells, indicating that nodule forma-
tion is specific for the isolated calvarial cells [31}. We have also
previously shown that the osteoblastic phenotype of the cells is
supported by a high cellular alkaline phosphatase activity, produc-
tion of osteocalcia and type I collagen and a low cellular acid
phosphatase activity [31].
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Fig. 3. Effect of metabolic or respirato,y acidosis on the number of calcified
nodules formed in neonatal mouse calvarial cells. Cells were incubated for
14 days after achieving confluence (day 9) and then cultured in control
medium (Ctl), medium acidified by decreasing the [HCO3J (Met) or
medium acidified by increasing the PCO2 (Resp). Nodules/cm2 were
quantified by placing the dishes on a grid ruled in 2 mm squares and
counting each stained culture dish. The number of nodules/cm2 was
determined by taking the mean of 8 individual counts obtained by 2
independent observers blinded as to group. Values are mean SE for 4
incubations in each group. Compared to Ct!, incubation in Resp resulted
in a significant decrease in the total number of nodules formed and
incubation in Met decreased the number further. *, different from Ctl, P
<0.01; +, different from Met, P < 0.01.
To determine the effect of acidosis on the formation of miner-
alized nodules we compared the number of nodules formed in
cells incubated for 14 days in Ctl and those in Met and Resp.
Compared to Ctl (Figs. 1A and 3) the number of mineralized
nodules was decreased in cells cultured with Met (Figs. lB and 3)
and with Resp (Figs. 1C, and 3). There was a greater inhibition of
nodule formation with Met than with Resp even though the
medium pH with Resp was slightly, but significantly, lower than in
Met (Fig. 2A).
Calcium influx
To determine the effect of acidosis on nodule calcification we
measured cumulative calcium influx by the nodules (Fig. 4). By
the first 48 hour period of incubation with ascorbate and f3-glyc-
erophosphate (Day 11), there was greater calcium influx into
nodules cultured in Ctl compared to BALB/c 3T3 cells or no cells
(both P < 0.001). By the third 48 hour period (Day 15) there was
greater calcium influx into nodules incubated in Ct! compared
those incubated in Resp (P < 0.01) which was greater than the
calcium influx into those incubated in Met (P < 0.001 vs. Ct! and
vs. Resp).
Utilizing analysis of variance with repeated measures there was
a significant influx of calcium with time in Ctl, in Met and in Resp
(all P < 0.001), and there was a significant difference in the
calcium influx with time in cells incubated in Ctl, in Met and in
Resp (all comparisons, P < 0.001). There was no net calcium
influx with time by either the BALB/c 3T3 cells or medium
incubated without cells.
To substantiate that net cumulative calcium influx represented
calcium incorporation into nodules, the total calcium content of
three cultures from each group was determined at the conclusion
of the entire incubation period (Fig. 5). Compared to Ctl, total
calcium content was significantly decreased by both Resp and
Time, days
Fig. 4. Cumulative calcium influx (y-axis, unol/dish) as a function of
incubation time for cultured neonatal mouse calvarial cells. Cells were
incubated in control medium until confluent (day 9) and then cultured for
an additional 14 days in control medium (Ctl, 0, N = 18), medium
acidified by decreasing the [HCOfl (Met, U, N = 17) or medium acidified
by increasing the PCO2 (Resp, A, N = 19). BALB/c 3T3 mouse fibroblasts(V, N = 4) and dishes without cells (c', N = 4) were also incubated in
control medium. Values are the mean sE; the SE for all values was less
then the size of the symbol. Changes in medium calcium concentration
were calculated by subtracting the final from the initial calcium concen-
tration and correcting for volume. Results are summed over the 14 day
incubation period and represent calcium influx by the cell cultures. By day
11 there was greater calcium influx into nodules cultured in Ctl compared
to BALB/c 3T3 cells or no cells (both P < 0.001). By day 15 there was
greater calcium influx into nodules incubated in Ctl compared those
incubated in Resp (p < 0.01) which was greater than the calcium influx
into those incubated in Met (p < 0.001 vs. Cont and vs. Resp). Analysis of
variance with repeated measures indicated there was a significant differ-
ence in the calcium influx with time in cells incubated in Ctl, in Met and
in Resp (all comparisons, P < 0.001). There was no net calcium influx by
either the BALB/c 3T3 cells or medium incubated without cells.
Fig. 5. The effect of acidosis on total calcium content of cultured neonatal
mouse calvarial cells. Cells were incubated for 14 days after achieving
confluence in control medium (Ctl), medium acidified by decreasing the
[HCOfl (Met) or medium acidified by increasing the PCO2 (Resp).
Values are mean sa. Total calcium content of 4 culture dishes in each
group was detennined by automatic fluorometric titration following
overnight incubation with 2 ml of 12 N HCI. Compared to Ctl, incubation
in Resp resulted in a significant decrease in the total calcium content and
incubation in Met decreased the calcium content further. *, different from
Ctl, P < 0.01; +, different from Met, P < 0.01.
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Met, and there was less calcium incorporation into Met than into
Resp. There was no calcium incorporation into BALB/c 3T3
cultures or dishes incubated without cells (data not shown).
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Discussion
When primary cultures of isolated neonatal mouse calvarial
cells are incubated in medium at a physiologic pH there is bone
nodule formation with incorporation of calcium into the nodules.
When the medium is acidified to a degree observed in clinical
acidosis, there is a reduction both in the number of nodules
formed and the amount of calcium incorporated into the nodules.
There is a greater reduction of nodule formation and calcium
incorporation when the medium is acidified by a decrease in
bicarbonate concentration, a model of metabolic acidosis, com-
pared to acidification through an increase in the partial pressure
of carbon dioxide, a model of respiratory acidosis, even though
there was a small, but significantly lower medium pH with
respiratory compared to metabolic acidosis.
Previously we have shown that when neonatal mouse calvariae
are incubated in physiologic acidic medium there is a decrease in
osteoblastic alkaline phosphatase activity and collagen synthesis
compared to calvariae incubated in control medium, suggesting
that acidosis decreases osteoblastic function [18]. In a preliminary
study we have also shown that a model of metabolic acidosis
appears to have a greater effect on these osteoblastic parameters
than a model of respiratory acidosis [25]. The data obtained in the
current study indicate that not only does acidosis inhibit osteo-
blastic alkaline phosphatase activity and collagen synthesis, but
that it inhibits osteoblastic bone nodule formation and calcifica-
tion and that there is a greater inhibition of these osteoblastic
functions with metabolic compared to respiratory acidosis.
When isolated neonatal mouse calvariae are incubated in acidic
medium there is a net calcium efflux from the bone which is due
to cell-mediated calcium efliux in addition to a component of
physicochemical calcium release. The cell-mediated calcium efflux
appears secondary to an increase in osteoclastic bone resorption.
We previously demonstrated in cultured calvariae that there is a
direct correlation between net calcium efflux and the release of
f3-glucuronidase [18], an osteoclastic lysosomal enzyme whose
release correlates well with osteoclast-mediated resorption [35—
37]. Incubating calvariae with the osteoclast inhibitor calcitonin
blocks the production of f3-glucuronidase and greatly inhibits the
calcium efflux induced by metabolic acidosis, supporting the role
of osteoclasts in proton-mediated calcium release from bone [18].
Evidence supporting a direct effect of acidosis on increasing
ostcoclastic bone resorption are provided by studies demonstrat-
ing acidosis induced formation of osteoclastic podosomes [38] and
resorption pits [39] when isolated osteoclasts are cultured on
slices of cortical bone.
A decrease in osteoblastic bone formation cannot, in itself,
cause calcium release but may contribute to an increase in net
calcium efflux. The present study utilizes a model of osteoblastic
bone formation which permits the independent evaluation of
acidosis effects on osteoblastic bone formation and mineraliza-
tion. Chronic exposure of osteoblast cells to acidosis results in
decreased bone nodule formation and mineralization. The results
of this study suggest that decreased calcium influx into bone may
contribute to the net calcium efflux during acidosis.
During models of chronic acidosis there is greater calcium
efflux from isolated neonatal mouse calvariae cultured in medium
simulating metabolic compared to respiratory acidosis [20]. The
increased calcium efflux in chronic metabolic acidosis appears
secondary to increased cell-mediated bone resorption [20]. In this
study we have shown that metabolic, as compared to respiratory,
acidosis causes significantly greater inhibition of nodule forma-
tion, supporting a greater decrease in cell-mediated bone forma-
tion during metabolic, compared to respiratory, acidosis.
It is unclear from the current data if metabolic or respiratory
acidosis has an independent effect on either nodule formation or
mineralization. In this study we counted only mineralized nodules
and made no attempt to count nodules that had not yet mineral-
ized. However, previous data from our laboratory demonstrates
that metabolic acidosis decreases osteoblastic collagen synthesis
[18] and leads to a net physicochemical efflux of calcium from
cultured acellular ceramic apatite disks, a model of bone mineral
[40]. Compared to metabolic acidosis, in a preliminary study,
respiratory acidosis had little effect on collagen synthesis [25] and
causes less physicochemical calcium efflux from bone [15—17, 19].
Further studies, perhaps using inhibitors of cellular function, will
be necessary to separate the effects of acidosis on cell prolifera-
tion and nodule mineralization.
These studies do not address why a decrease in bicarbonate
concentration should have a greater effect on osteoblastic bone
formation than an increase in the partial pressure of carbon
dioxide. However, an isohydric reduction in medium pH produced
by an increase in the partial pressure of carbon dioxide compared
to a decrease in the bicarbonate concentration would be expected
to have differing effects on intracellular pH. Cell membranes are
highly permeable to carbon dioxide and respiratory acidosis would
be expected to rapidly acidify the cell [41]. Osteoblasts appear to
have a chloride/bicarbonate exchanger and the low medium
bicarbonate would increase the loss of cellular bicarbonate and
acidify the cell [42]. In a preliminary study we have found that
respiratory acidosis appears to acidify cells from an osteoblastic
cell line, UMR-106, to a greater degree than metabolic acidosis
[43]. However, the role of intracellular pH in bone formation is
not clear at this time.
Long-term cultures of isolated bone cells serve as an excellent
model to study the effect of acidosis on bone formation and
mineralization. Nodules which develop from primary cultures of
isolated bone cells can be classified as bone on the basis of
morphologic, histologic, histochemical and immunochemical fea-
tures. Nodule formation has been induced in bone cells isolated
from chick, cow, rat and mice [27—33, 44, 45]. The cells have a
polygonal, osteoblast-like appearance with high alkaline phos-
phatase activity and produce predominantly (> 95%) type I
collagen [29,30, 32, 33, 46]. As observed by other investigators, we
have also demonstrated in our laboratory that the primary isolates
from neonatal mouse calvariae are rich in alkaline phosphatase
activity and produce predominantly type I collagen [31]. The
formed nodules resemble woven bone histologically and immu-
nolabelling has demonstrated the presence of type I and III
collagen and osteonectin [29, 30]. Electron microprobe analysis of
nodules reveals that the mineral consists of calcium and phospho-
rus and both electron diffraction and X-ray diffraction analysis
demonstrate the crystalline structure to be hydroxyapatite [26, 32].
Nodule formation is dependent upon the ability of cultures to
form multicellular layers and the presence of both ascorbic acid
and /3-glycerophosphate [28—31, 33]. Ascorbic acid is necessary
for formation of the collagenous matrix and /3-glycerophosphate
for subsequent mineralization [28, 29, 33]. The process is cell-
mediated and not due to physicochemical precipitation of calcium
phosphate. We have shown in both this and in a previous study
Sprague et al: Acidosis and bone nodule formation 1205
that there is no mineral deposition when BALBIc3T3 fibroblasts
are cultured under identical conditions [31}. Thus the in vitro
formation and mineralization of discrete bone nodules by isolated
neonatal mouse calvarial cells appears analogous to bone forma-
tion in vivo and provides a model for quantifying bone formation
in isolation from bone resorption.
The results of this study provide further clarification of the
effect of acidosis on bone cell function and mineralization.
Clinically, metabolic acidosis appears to contribute to the Os-
teodystrophy observed during chronic renal failure [47, 48] and to
cause a marked increase, presumably from osseus stores, in urine
calcium excretion in humans and experimental animals [1, 2],
while respiratory acidosis appears to have little effect on urine
calcium excretion [9—12]. These results obtained in vitro provide
insights into how respiratory and metabolic acidosis affect bone in
vivo although further studies will be necessary to understand the
reason for the greater effect of metabolic acidosis on bone
formation.
Acknowledgments
This study was supported by National Institutes of Health Grants AR
39906 and DK 47631 (both to D. Bushinsky). S. Sprague was supported in
part by a Grant-In-Aid from the National Kidney Foundation of Illinois.
We thank Jean Jacobson for technical assistance.
Reprint requests to David A. Bushinsky, M.D., Professor of Medicine and
Physiology, University of Rochester School of Medicine and Dentistty, 601
Elmwood Avenue, Box 675, Rochester, New York, 14642, USA.
References
1. C0E FL, BUSHINSKY DA: The pathophysiology of hypercalciuria. Am
J Physiol (Renal Fluid Electrol Physiol 16) 247:F1—F13, 1984
2. BUSHINSKY DA, RIERA GS, FAvus MJ, C0E FL: Response of serum
1,25(OH)2D3 to variation of ionized calcium during chronic acidosis.
Am I Physiol (Renal Fluid Electrol Physiol 18) 249:F361—F365, 1985
3. ADAMS ND, Gi&v RW, LEMANN J JR: The calciuria of increased fixed
acid production in humans: Evidence against a role for parathyroid
hormone and 1,25(OH)2-vitamin D. Calcif Tissue mt 28:233—238, 1979
4. WEBER HP, Gi RW, DOMINGUEZ JH, LEMANN J JR: The lack of
effect of chronic metabolic acidosis on 25-OH vitamin D3 metabolism
and serum parathyroid hormone in humans. I Gun Endocrinol Metab
43:1047—1055, 1976
5. LEMANN J JR, Lirzow JR, LENNON U: The effects of chronic acid
loads in normal man: Further evidence for the participation of bone
mineral in the defense against chronic metabolic acidosis. I Clin Invest
45:1608—1614, 1966
6. BusHIN5KY DA, FAvus MJ, SCHNEIDER AB, SEN PK, SHERWOOD LM,
COE FL: Effects of metabolic acidosis on PTH and 1,25(OH)2D3
response to low calcium diet. Am I Physiol (Renal Fluid Electrol
Physiol 12) 243:F570—F575, 1982
7. LEMANN J JR, LITzow JR, LENNON EJ: Studies of the mechanism by
which chronic metabolic acidosis augments urinary calcium excretion
in man. J Clin Invest 46:1318—1328, 1967
8. BUSHINSKY DA, KRIEGER NS: Role of the skeleton in calcium
homeostasis, in The Kidney: Physiology and Pathophysiology, edited by
SELDIN DW, Gmuisci-i G, New York, Raven Press, 1992, pp 2395—
2430
9. CANZANELLO VJ, BODVARSSON M, KRAUT JA, JOHNS CA, SIToroL-
SKY E, MADIAS NE: Effect of chronic respiratory acidosis on urinary
calcium excretion in the dog. Kidney mt 38:409—416, 1990
10. LAU K, RODRIGUEZ NICHOLS F, TANNEN RL: Renal excretion of
divalent ions in response to chronic acidosis: Evidence that systemic
pH is not the controlling variable. fLab Clin Med 109:27—33, 1987
11. SCHAEFER KU, PASQUALE S, MESSIER AA, SHRA M: Phasic changes in
bone CO2 fractions, calcium, and phosphorus during chronic hyper-
capnia. JAppl Physiol 48:802—811, 1980
12. SCHAEFER KE, NICHoLS G JR, CAREY CR: Calcium phosphorus
metabolism in man during acclimatization to carbon dioxide. I Appl
Physiol 18:1079—1084, 1963
13. SCHAEFER KU: Effects of increased ambient CO2 levels on human and
animal health. Exp Basel 38:1163—1168, 1982
14. BUSHINSKY DA, WOLBACH W, SESSLER NE, MOGILEVSKY R, Levi-
SErrI R: Physicochemical effects of acidosis on bone calcium flux and
surface ion composition. I Bone Miner Res 8:93—102, 1993
15. BUSHINSKY DA, LAM BC, NESPECA R, SESSLER NE, GRYNPAS MD:
Decreased bone carbonate content in response to metabolic, but not
respiratory, acidosis. Am I Physiol (Renal Fluid Electrol Physiol 34)
265:F530—F536, 1993
16. BUSHINSKY DA, SESSLER NE: Critical role of bicarbonate in calcium
release from bone. Am I Physiol (Renal Fluid Electrol Physiol 32)
263:F510—F515, 1992
17. BUSI-IINSKY DA, SESSLER NE, KRIEGER NS: Greater unidirectional
calcium efflux from bone during metabolic, compared with respira-
tory, acidosis. Am J Physiol (Renal Fluid Electrol Physiol 31) 262:
F425—F431, 1992
18. KRIEGER NS, SE55LER NE, BUSHINSKY DA: Acidosis inhibits osteo-
blastic and stimulates osteoclastic activity in vitro. Am I Physiol (Renal
Fluid Electrol Physiol 31) 262:F442—F448, 1992
19. CHABA1 JM, Levi-SETFI R, BUSHINSKY DA: Alteration in surface ion
composition of cultured bone during metabolic, but not respiratory,
acidosis.Am JPhysiol (Renal Fluid Electrol Physiol 30) 261:F76—F84,
1991
20. Bu5HIN5KY DA: Net calcium efflux from live bone during chronic
metabolic, but not respiratory, acidosis. Am J Physiol (Renal Fluid
Electrol Physiol 25) 256:F836—F842, 1989
21. BUSHINSKY DA: Net proton influx into bone during metabolic, but not
respiratory, acidosis. Am I Physiol (Renal Fluid Electrol Physiol 23)
254:F306—F310, 1988
22. BUSHINSKY DA, LECHLEIDER RJ: Mechanism of proton-induced bone
calcium release: Calcium carbonate dissolution. Am J Physiol (Renal
Fluid Electrol Physiol 22) 253:F998—F1005, 1987
23. BUSHINSKY DA, Levi-Sarri R, COE FL: Ion microprobe determina-
tion of bone surface elements: Effects of reduced medium pH. Am J
Physiol (Renal Fluid Electrol Physiol 19) 250:F1090—F1097, 1986
24. BUSHINSKY DA, KRIEGER NS, GEISSER DI, GROSSMAN EB, COE FL:
Effects of pH on bone calcium and proton fluxes in vitro. Am I Physiol
(Renal Fluid Electrol Physiol 14) 245:F204—F209, 1983
25. Bu5HIN5KY DA, SESSLER NE: Metabolic, but not respiratory, acidosis
stimulates osteoclastic and suppresses osteoblastic activity (abstract).
J Bone Miner Res 8:S 167, 1993
26. BHARGAVA U, BAR-LEV M, BELLOWS CU, AUBIN JE: Ultrastructural
analysis of bone nodules formed in Vitro by isolated fetal rat calvaria
cells. Bone 9:155—163, 1988
27. BELLOWS CG, AUBIN JE, HEERSCHE JNM: Physiological concentra-
tions of glucocorticoids stimulate formation of bone nodules from
isolated rat calvaria cells in vitro. Endocrinology 121:1985—1992, 1987
28. BELLOWS CG, AuBIN JE, HEERSCHE JNM: Initiation and progression
of mineralization of bone nodules formed in vitro: The role of alkaline
phosphatase and organic phosphate. Bone Miner 14:27—40, 1991
29. BELLOWS CG, AUBIN JE, HEERSCHE JNM, ANrosz ME: Mineralized
bone nodules formed in vitro from enzymatically released rat calvaria
cell populations. Calcif Tissue Int 38:143—154, 1986
30. ECAROT-CHARRIER B, GLORIEUX FH, VAN DER REST M, PEREIRA G:
Osteoblasts isolated from mouse calvaria initiate matrix mineraliza-
tion in culture. I Cell Biol 95:639—643, 1983
31. SPRAGUE SM, KRIEGER NS, BUSHINSKY DA: Aluminum inhibits bone
nodule formation and calcification in vitro. Am JPhysiol (Renal Fluid
Electrol Physiol 33) 264:F882—F890, 1993
32. SUDO H, KODAMA HA, AMAGAI Y, YAMAMOTO 5, KASAI 5: In vitro
differentiation and calcification in a new clonal osteogenic cell line
derived from newborn mouse calvaria. I Cell Biol 96:191—198, 1983
33. WHITSON SW, WHITSON MA, BOWERS DE JR, FALK MC: Factors
influencing synthesis and mineralization of bone matrix from fetal
bovine bone cells grown in vitro. J Bone Miner Res 7:727—741, 1992
34. HEFLEY TJ: Utilization of FPLC-purified bacterial collagenase for the
isolation of cells from bone. I Bone Miner Res 2:505—5 16, 1987
35. DELAISSE JM, EECKHOUT Y, VAEs U: Biphosphonates and bone
resorption: Effects on collagenase and lysosomal enzyme excretion.
Life Sci 37:2291—2296, 1985
1206 Sprague et a!: Acidosis and bone nodule formation
36. EIL0N G, RA!sz LG: Comparison of the effects of stimulators and
inhibitors of resorption on the release of lysosomal enzymes and
radioactive calcium from fetal bone in organ culture. Endocrinology
103:1969—1975, 1978
37. V&Es G: Cellular biology and biochemical mechanism of bone resorp-
tion. A review of recent developments on the formation, activation,
and mode of action of osteoclasts. Clin Ortho Related Res 231:239—
271, 1988
38. Tvri A, BLAIR HC, ScInnINGER F, GRANO M, ZAMBONIN-ZALLONE
A, KAHN AJ, TEITELBAUM SL, Hausia KA: Extracellular protons
acidify osteoclasts, reduce cytosolic calcium, and promote expression
of cell-matrix attachment structures. J Cliii Invest 84:773—780, 1989
39. ARNETr TR, DEMPSTER DW: Effect of pH on bone resorption by rat
osteoclasts in vitro. Endocrinology 119:119—124, 1986
40. BUSHINSICY DA, SE55LER NE, GLENA RE, FEATHERSTONE 1DB:
Proton-induced physioehemieal calcium release from ceramic apatite
disks. J Bone Miner Res 2:213—220, 1994
41. Bu5HIN5KY DA, OR! Y: Effects of metabolic and respiratory aeidosis
on bone. Cuff Opinion Nephrol Hyper 2:588—596, 1993
42. GREEN J, YAMAGUCHI DT, KLEEMAN CR, MUALLEM S: Cytosolie pH
regulation in osteoblasts: Regulation of anion exchange of intracellu-
lar pH and Ca2 ions. J Gen Physiol 95:121—145, 1990
43. OR! Y, LEE SG, BusHlNsn DA: Osteoblastie intracellular pH and
calcium in response to acute metabolic and respiratory acidosis.
(abstract) JAm Soc Nephrol 3:675, 1992
44. BERRY L, SHUTFLEWORTH CA: Expression of the ehondrogenie phe-
notype by mineralizing cultures of embryonic chick ealvarial bone
cells. Bone Miner 7:31—45, 1989
45. ANDERSON RE, KEMP JW, JEE WSS, WOODBURY DM: Ion-transport-
ing ATFases and matrix mineralization in cultured osteoblastlike cells.
In Vitro 20:837—846, 1984
46. OUARLE5 LD, WEN5TRUP RJ, CA5TIu.o SA, DREZNER MK: Alumi-
num-induced mitogenesis in MC3T3-E1 osteoblasts: Potential mech-
anism underlying neo-osteogenesis. Endocrinology 128:3144 —3151,
1991
47. GREEN J, KLEEMAN CR: Role of bone in regulation of systemic
acid-base balance. Kidney mt 39:9—26, 1991
48. LEPEBVRE A, DE VERNEJOUL MC, GUERIS J, GOLDPARB B, GRAuIn
AM, MoRlEux C: Optimal correction of aeidosis changes progression
of dialysis osteodystrophy. Kidney mt 36:1112—1118, 1989
